The structures, energies, harmonic vibrational frequencies, and thermodynamic parameters of the water clusters (H 2 O) 48 , (H 2 O) 72 , and (H 2 O) 270 were calculated using the standard DFT theory (BLYP/6-31++G(d,p) for small and medium clusters) and the modern tight-binding method SCC-DFTB (DFTBA and DFTB+). The adsorption and embedding of s-cis-and s-trans-glyoxal molecules as well as its sunlight UV photolysis products (molecules CH 2 O, HCOOH, H 2 O 2 , CO, CO 2 and radicals CHO, HO, HO 2 ) on nanosized ice clusters of up to 2.5 nm in diameter were studied within the above theoretical models. The structures of adsorption complexes on different sites of ice nanoparticles, the corresponding adsorption energies and thermodynamic parameters were estimated. We found that the DFTB method is a very promising tool for the calculations of structures and energies of ice nanoparticles, when compared to both DFT and semiempirical (PM3) methods. The obtained results are discussed in relation to the possible photolysis pathways, the reaction rates in the gas phase and in the adsorbed state, and the mechanisms of glyoxal photolysis catalyzed by the ice nanoparticles in the Earth's atmosphere.
INTRODUCTION
Ice nanoparticles play an important role in physics and chemistry of the Earth atmosphere. 1 Knowledge of the uptake and incorporation of atmospheric trace gases in ice particles as well as their interactions with water molecules is very important for the understanding of processes at the air/ice interface. The interaction of the atmospheric trace gases with atmospheric nanoparticles is also an important issue for the development of modern physicochemical models of the Earth atmosphere. These models, however, should take into account not only the mass balance of adsorbed species but also their possible photochemical transformations, as the trace gases trapped in snow, in ice particles or at ice surfaces may be subject of photochemical reactions when irradiated with solar UV radiation. C 1 chemistry and reactivity of relatively small compounds (CO, CO 2 , H, O 2 ) in relation with the cosmic processes of organic matter formation were recently reviewed 2 (see also 3−6 ). Glyoxal is the simplest α-dicarbonyl, an atmospheric relevant carbonyl compound. Its photodegradation, and interaction of the parent molecule and its photoproducts with atmospheric ice nanoparticles were the subject of several studies. Glyoxal is formed in the atmosphere through the photooxidation of simple volatile organic compounds in the presence of NO x . Measurements of glyoxal have been reported with mixing ratios ranging from 100 ppt to a few ppb. Glyoxal has two main absorption bands on electronic absorption spectrum: a broad UV band between 220 and 350 nm and a stronger structured band in the 350−480 nm range. In the atmosphere, glyoxal is photolyzed by the sunlight. The gas-phase photolysis can occur through the following channels: Because of secondary reactions occurring in the air, the main observed photolysis products are CO, CH 2 O, and HCOOH. 7 It is obvious that the photolysis of glyoxal is also an important source of CHO radicals which can contribute to the formation of HO 2 18 and thus influence further atmospheric processes. In sharp contrast with the gas phase conditions, only a few studies were focused on the photolysis of glyoxal in the condensed phase (aqueous solution or on the ice surface). 19−22 Among them, the FTIR study 19 of glyoxal photolysis products in ice and on the ice surface formed during the UV photolysis revealed the spectral signatures of the photolysis products. However, the laboratory studies carried out so far considered the glyoxal photolysis in the bulk ice or on the solid ice surface at very low temperatures. The physicochemical conditions in the Earth atmosphere are quite different and the adsorption occurs there mostly on the small ice particles of nanoscale size, rather than on the bulk ice surface. There the glyoxal photolysis can occur through different pathways and the ice nanoparticles can affect both the mechanism of photolytic decomposition and the distribution of the products between the ice and gas phases. Such an environment was not studied, either in field experiments or under laboratory conditions. Under these circumstances, the quantum chemical modeling can provide significant information on the processes which take place at the molecular level.
The main goal of the present paper is to study the adsorption of glyoxal molecules, and the products and intermediates of its UV photolysis on the surface of ice nanoparticles in order to assess the energies and thermodynamic parameters of adsorption and incorporation processes and to determine how the product distribution and/or glyoxal photolysis mechanisms on ice nanoparticles are different from the photolysis occurring in the gas phase. The vibrational frequencies of the adsorbed products and intermediates are also of interest, because these quantities can be directly compared to the experimentally observed IR spectra of glyoxal adsorbed on ice films and thus can be helpful in assigning the observed spectral features. On the other hand, the calculated vibrational frequencies and IR intensities can also help to identify photolysis intermediates. Additional goal of this paper is to estimate the performance of modern theoretical methods for calculations of large systems and compare the reliability of their predictions with those of standard DFT and semiempirical methods.
COMPUTATIONAL DETAILS
Nanoparticle Models. The glyoxal adsorption on ice nanoparticles has been modeled within the cluster approxima- tion. For this purpose, a series of clusters (H 2 O) n (n = 48, 72, 270, and, for some calculations, n = 216) with the hexagonal ice-like oxygen lattice structure has been constructed as initial models similar to those used in our previous study of methylhydroperoxide adsorption on ice surface. 23 The structure of the clusters was chosen to describe different sites and crystallographic faces of the ideal ice I h crystal. Figure 1 shows the clusters (H 2 O) 48 , (H 2 O) 72 , and (H 2 O) 270 used in this work to assess the crystal environment effects.
The (H 2 O) 48 cluster was chosen as a minimum model representing the structural features of the basal plane of ice crystal, and (H 2 O) 72 is the extended model with the additional water bilayer. In order to model the nanosize ice particle, the extended cluster (H 2 O) 270 of the similar shape was used. This size was selected based on the recent experiments demonstrated that the spontaneous crystallization of the water droplets (H 2 O) n begins from n = 260−290. 24 This is in agreement with earlier experimental studies 25, 26 where the onset of crystallinity was found to occur for 200−1000-mer clusters, and theoretical (up to 27000 molecules with TIP4P potential where clusters with 1000 molecules were studied more extensively) and spectroscopic survey (up to 10 6 molecules) of water clusters 27 where it was found no qualitative different spectroscopic signature for clusters larger than about 300 molecules. Thus, the cluster (H 2 O) 270 used here is the representative model which possesses both the necessary size and the structure close to the structure of basal plane of the ideal ice crystal surface. The nanoparticle of such size should be mostly crystalline in a free state which makes our adsorption model more realistic.
The proton ordering in the model ice clusters deserves a special discussion. In the ice structure the two possible hydrogen positions are occupied randomly, which results in exponential growth of the number of proton ordered structures when the size of the cluster increases. The different structures have different adsorption abilities and different contributions into the average adsorption energy of the bulk ice. Recently, we estimated the differences in the adsorption affinity of the clusters with various proton ordering modeling the H 2 O 2 adsorption on a variety of different proton-disordered structures of (H 2 O) 11 cluster. 21 The results obtained at the B3LYP/6-31++(d,p) level showed that the effect of different proton ordering on the H 2 O 2 adsorption energy is not very pronounced, although noticeable. The differences in the adsorption energy is about 10−15% of the maximum value which is comparable or lower than the uncertainty of the quantum chemical method or the cluster approximation itself. Therefore, in this study, we used P-ordered ice model of Pisani. 28, 29 This model is simple for construction and calculation, provides the proper physical parameters both for slabs and clusters (e.g., dipole moment of the bulk ice is close to zero), and it was already successfully used previously in adsorption studies. 30 This model is slightly different from model of nanocluters proposed by Buch, 31 namely, cage-like structures on top-layer of cluster to compensate dipole moment. 27, 32 Shape of the largest ice cluster (H 2 O) 270 is close to cylinder with about 2.3 nm in diameter and 1.5 nm in height. The glyoxal molecules were coordinated to different sites of the ice nanoparticles corresponding to different ice I h crystal planes: (0001), (101̅ 0), and (112̅ 0). Additionally, the different modes of incorporation of the glyoxal molecules into the ice particles were considered and the corresponding structural and energetic parameters were evaluated. The structure of coordination complexes, their vibrational frequencies, the corresponding adsorption energies and thermodynamic parameters (the enthalpy and the Gibbs free energy of adsorption) were evaluated using the full optimization followed by the frequency calculations.
Theoretical Methods. The conventional density functional theory (DFT) and simplified tight-binding methods were used for the quantum chemical calculations of adsorption complexes structures, energies, vibrational frequencies, and thermodynamic parameters.
The DFT method (BLYP/6-31++G(d,p)) was used in the geometry optimizations with geometrical constraints (fixed boundary atoms) for the clusters (H 2 O) 48 72 M 2 , the full geometry optimization was performed using the modern fast approach for resolution of identity (RI) for the DFT theory (RI-DFT) 34, 35 with standard and auxiliary basis sets as implemented in PRIRODA13 program.
36−38 The validity of this theory level was additionally tested by the geometry optimization in the extended basis set (RI-BLYP/6-311++G(2d,2p)) performed for the (H 2 O) 72 cluster and the (H 2 O) 72 (Gt) 2 complex (here and later, Gt stands for s-trans-glyoxal). Vibrational spectra were calculated in the harmonic approximation on the structures optimized with BLYP/6-31++G(d,p) and RI-BLYP/6-31++G-(d,p). In additional, we performed the optimization of the adsorption complexes of some molecules with the (H 2 O) 270 cluster using the RI-BLYP/6-31++G(d,p)//RI-BLYP/6-31+G(d) composite level of theory.
The modern theory of self-consistent charge density functional tight-binding model (SCC-DFTB, also known as a DFTB2 approach 39, 40 ) in versions of SCC-DFTBA with fitted analytical forms 41 of DFTB parameters 42 and SCC-DFTB with mio-1-1 set 42−45 of the tabulated Slater-Koster parameters were used. For short, we will reference these methods here as DFTBA and DFTB+, respectively. The ice nanoparticles consisting of 48, 72, and 216 water molecules with a distorted structure of hexagonal water ice I h were studied using the DFTBA method combining the advantages of the DFT theory and semiempirical methods of quantum chemistry. The cluster (H 2 O) 270 and its complexes were studied with the DFTB+ method using its fast implementation realized in the DFTB+ software. 46, 47 The adsorption complexes of possible glyoxal photoproducts (radicals HCO, HO, and HOO) were optimized with the collinear spin polarization approach 48 for SCC-DFTB as implemented in the DFTB+ program. 49 For the high-accuracy calculations of the reaction thermodynamics of possible photolytic processes and reactions of the photolysis products in the gas phase, the G3 50 method was applied as implemented in Gaussian09. For the high-accuracy calculations of small molecule structures and energies as well as for the search of transition states of the gas-phase elementary reactions of the glyoxal and its photoproduct in the gas phase, the CCSD(T) coupled-cluster method in conjunction with cc-pVTZ basis set was applied. For these calculations the CFOUR 51 and Gaussian09 suites of programs were employed. Using these levels of theory, the transition states for the possible glyoxal and its photoproducts hydration were located and the influence of the water cluster surrounding on the barrier heights was studied.
All quantum chemical DFT and DFTBA calculations were performed with the Gaussian03 52 and Gaussian09 53 whereas the DFTB+ software 46, 47 was used for the geometry optimization of largest clusters at the DFTB+ level. Original programs were used for the structure construction and selection. The MOLTRAN program 54 was applied for the input data preparation and output data analysis. The ChemCraft 55 software was used for visualization and graphical data preparation.
RESULTS
Possible Products and Intermediates of the Glyoxal UV Photolysis on the Ice Nanoparticles. The first step of the gas phase photolysis of glyoxal molecule under the near UV irradiation is the formation of two CHO radicals: 7−12,16,17
The formed radicals undergo secondary reactions in the atmosphere including the bimolecular recombination, rearrangements and eliminations forming mostly CH 2 O, CO, and CO 2 :
These products were also observed in the UV photolysis experiments of glyoxal deposited on ice films at 80−100 K. 19 The mechanisms of reactions 1 and 2 were thoroughly studied using different experimental approaches including the kinetic studies based on the cavity ring-down spectroscopy. 10 The photochemical rates, quantum yields, and the dissociation/quenching ratios were studied in details with different wavelengths. 11, 12, 16, 17 The mechanism of the further transformations corresponding to the Scheme 3 was studied to a lesser extent. It was shown 10 that the main channel proceeds to CH 2 O and CO mostly by abstraction of an H atom from the glyoxal molecule or the second CHO radical:
CH O other products
The occurrence of the first reaction is quite unlikely in the atmosphere where the concentration of glyoxal is extremely low. The second reaction can occur both in the gas phase and in the solid state cage of the ice. Earlier, we tried to model it using the CCSD(T) method. 56 However, this reaction has a rather complicated mechanism and details of this study will be presented elsewhere. The main conclusion from this modeling 56 is that the reaction cannot occur through the single-step bimolecular formaldehyde formation. Instead, it includes the formation of hydroxycarbene HCOH that undergoes further reactions:
Because the reaction on the surface of ice particles occurs in the presence of water molecules, it can involve hydrogen transfer steps, e.g.:
Although the first reaction is unlikely due to the reaction endothermicity, the second reaction is more spontaneous. Recently, the water complexes of CHO radical was reported by the Rasanen group. 57 In another study the hydrolysis of HCOH was considered in an environment of several water molecules. 58 Although HCOOH was not identified 19 during the photolysis of glyoxal on the ice films, this can be due to the fast secondary photodecomposition of HCOOH under UV irradiation with formation of CO and CO 2 :
One cannot also rule out, that the photolysis can involve the steps of HOO radical and H 2 O 2 formation occurring when free b Multistep mechanism without the activation barrier above the reagents level. The indicated value is the activation energy for the rate-limiting step of the most favorable reaction channel (CCSD(T,fc)/cc-pVTZ calculation 56 ).
dioxygen molecules are present under atmospheric conditions. The possible reactions are
Although photochemical reactions take place on the excited state potential energy surface, their computational study is rather involved, 59, 60 and for some steps activation berries on the ground state can suffice. 61−63 In order to estimate the probability of the reaction steps above, we calculated the energies and thermodynamic parameters for these reaction steps. The results of the calculation are given in Table 1 . This table also includes the activation energies of the above steps obtained previously with the CCSD(T) method 56 or taken from another study. 64, 65 The data shown in the Table 1 allow one to conclude that all the proposed steps are possible under the UV photolysis. Among them, the most favorable products and intermediates involved in the photolysis process are CH 2 O, and CO. The molecules CO 2 , HCOOH, H 2 O 2 as well as the radicals CHO, HOO, HO can also be present in the reaction mixture in the adsorbed or embedded state in the ice nanoparticles. Below, we estimate the thermodynamic parameters of adsorption for all the most probable photoproducts.
Adsorption on Small-Size Model Ice Clusters. Adsorption parameters of the glyoxal and its photoproducts at the nanoparticles were studied using the models for ice surfaces described above. First, we calculated the structures of adsorption complexes for small clusters (H 2 O) 48 and (H 2 O) 72 at two different theory levels, BLYP/6-31++G(d,p) and DFTBA. The results are shown in Table 2 . Adsorption complex for the (H 2 O) 72 cluster and two glyoxal molecules is depicted in Figure  2 .
As follows from Table 2 , the adsorption energies for two cluster models differ rather significantly, sometimes up to almost 50% (s-trans-glyoxal, HCOOH) and up to 100% (although only up to 10 kJ mol −1 in absolute values) for small molecules (CO, CO 2 ). These significant differences between two cluster models are predicted at both DFT and DFTBA levels. At the same time, the difference between DFT and DFTBA results for larger clusters (H 2 O) 72 are less pronounced. The only significant discrepancy takes place for the CO adsorption when the DFTBA method provides slightly higher negative adsorption energy. The discrepancies are also pronounced for the CH 2 O and CO 2 adsorption since the DFTBA results are 5−15 kJ mol −1 lower in absolute values. For the larger cluster we also estimated the adsorption affinity regarding to the CHO radical. The CHO adsorption energy on the (0001) ice plane estimated at the DFT level in the structure optimization of the (H 2 O) 72 (CHO) (Table 2 ). This value is quite close to the adsorption energies of s-trans-glyoxal and CH 2 O in the same model. The difference between the adsorption energies of s-cis-and s-trans-glyoxal is almost equal to the energy difference between these conformers (Table 2) .
In order to find out which cluster model is more reliable, we extended the cluster in size to (H 2 O) 216 keeping the structure of the adsorption center similar to that used in smaller cluster models (the (H 2 O) 216 cluster is a slab of three water bilayers similar to (H 2 O) 72 but with larger diameter). The adsorption energies obtained at the DFTBA level for the s-cis-and s-transglyoxal (shown in Table 2 in parentheses) were much closer to the results of the (H 2 O) 72 model (differ only by 2−5 kJ mol −1 from this cluster). Thus, one can make two main conclusions from these results. First, the results for the small cluster (H 2 O) 48 are not reliable enough to describe the properties of the large nanosized particles. This cluster size effect on the energy of intermolecular interactions is known as nonadditivity 66, 67 (cooperativity). Second, the results obtained at the DFT and DFTB levels are rather close to each another and, thus, we can use the more efficient DFTBA method for the property evaluation of larger clusters.
Because the (H 2 O) 72 cluster was the largest system where the GGA-RI-DFT calculations were still feasible in conjunction with the moderate basis set, we performed the calculations of the vibrational frequencies and evaluated the thermodynamic parameters of the (0001) adsorption for the glyoxal photoproducts at the BLYP/6-31++G(d,p) level. We also performed these calculation with larger basis set (BLYP/6-311++G(2d,2p)) for the adsorption of s-trans-glyoxal. For both theory levels we estimated the basis set superposition error (BSSE) using the standard Boys counterpoise technique. 68 The results of these calculations are shown in Table 3 . The thermodynamic parameters are obtained at four different temperatures: 0, 100, 200, and 298.15 K in order to model the conditions of deposition on the ice film prepared in the laboratory experiments, on the ice nanoparticles, and for the standard conditions, respectively.
Comparison of the results obtained in 6-31++G(d,p) and 6-311++G(2d,2p) bases shows that the influence of basis set extension and BSSE correction (better accounted in larger basis) is substantial ( Table 3 ). The basis set extension gives approximately 7 kJ mol −1 for the energies and enthalpies of strans-glyoxal and this difference is reduced only to 6 kJ mol −1 after the BSSE assessment. We conclude that the discrepancy 6− 7 kJ mol −1 between the ΔE+BSSE values obtained at BLYP/6-31++G(d,p) and BLYP/6-311++G(2d,2p) levels is the additive systematic error which should be accounted when the thermodynamic parameters of adsorption calculated at the BLYP/6-31++G(d,p) level are considered. At the same time, the differences between the zero-point corrections calculated at two levels of theory are not so pronounced. The temperature dependence of adsorption enthalpies is also not significant and the enthalpy values change in range 2−4 kJ mol −1 regarding to the ΔH(0) value which is lower than the influence of the basis set extension (15.9 kJ mol −1 for s-trans-glyoxal). We conclude that the best estimate for the adsorption enthalpy for the s-transglyoxal in a broad range of temperatures is about −18 kJ mol
As it is evident from the comparison of the Gibbs free energies, the entropy contribution amplifies the discrepancy between two theory levels to 9−12 kJ mol −1 (growing when the temperature increases). It is interesting that the adsorption energy of s-cisglyoxal is significantly higher than for the s-trans-conformer. This is probably due to the fact that the s-cis-conformation of this molecule is more suitable for the bridge-like coordination which is more energetically favorable. Structural Features of Ice Nanoparticles. The good performance of DFTBA method (in comparison with the DFT results) for the small-and medium-size ice clusters encourages the application of SCC-DFTB to the real-size ice nanoparticles. In this study, we applied the DFTB+ method (similar to DFTBA) to the ice cluster (H 2 O) 270 , as the original program 46, 47 is well suited for the large systems optimizations.
The full optimization of (H 2 O) 270 at the DFTB+ theory level demonstrates some remarkable features of the geometry structure of the ice nanoparticle. First, the initial shape of the particle and the ice lattice is conserved in a course of optimization. Then, in the optimized structure, there are several rather different kinds of O−H and O···H bonds distinguished by their length. This can be seen from Figure 3 where the histogram of O−H and O···H bond lengths are shown. This is also seen from Table 4 where the statistical data for the bond lengths in clusters (H 2 O) 72 and (H 2 O) 270 are listed from DFT and DFTB+ calculations. The histogram of O−H bond lengths has three main peaks corresponding to the shortened, normal and elongated bonds.
As follows from Table 4 Glyoxal and Its Photoproducts on/in the Atmospheric Ice Nanoparticles. Using the cluster (H 2 O) 270 , several modes of the surface adsorption can be studied. In order to make the calculation faster, we considered these modes in a single calculation, forming different adsorption complexes on different planes. For this purpose, 12 adsorbate molecules were placed on different surface sites (three molecules on each basal plane and six molecules on different side planes) mimicking adsorption complexes on several adsorption sites which can be described by the scheme:
Here, M is the glyoxal or its photoproduct molecule in the gas phase, (H 2 O) 270 M 12 is the adsorption complex of M at different nanoparticle surface sites. The energy of this reaction Δ r E allows evaluating the adsorption energy averaged among 12 adsorption sites of different kinds as E ads =Δ r E/12. The geometry optimization was performed for the neat cluster (H 2 O) 270 and the resulting complex (H 2 O) 270 M 12 . The optimized structures of s-trans-glyoxal adsorption complexes are shown in Figure 5 . The obtained average adsorption energies are given in the second column of Table 5 .
We also considered the intrusion of the glyoxal and its photoproducts into the ice nanoparticles, modeling the substitution reaction:
Here, (H 2 O) 264 M 6 is the substitution complex where six water molecules of the subsurface crystal planes are replaced by M. The optimized structures of (H 2 O) 264 Gc 6 (Gc stands for s-cis-glyoxal) are shown in Figure 6 , and the corresponding energies of reaction 5 are given in third column of To our opinion, the considering of such process instead the single molecule adsorption on different sites is more suitable because it leaves the environment less disturbed and, at the same time, requires lesser time for the optimization of the remaining structure. The obtained single-site adsorption energies in kJ mol −1 obtained in such a way are given in Figure 5 (values near the glyoxal molecules). Figure 7 shows the histograms for such a distribution obtained for 12 adsorption complexes of s-transglyoxal and CH 2 O. As one can see from these histograms, the distribution is rather asymmetric with minimum values (highest adsorption energy) significantly different from the mean values.
The average values (given in Table 5 ) are rather close to the peak positions (highest probability values) for both compounds, and the standard deviations for 12 adsorption energy value of s-transglyoxal are about 5.0 kJ mol −1 (compared to the mean value of −35.3 kJ mol ). As was mentioned before, we also tried to optimize the adsorption complex of glyoxal with (H 2 O) 270 using the modest basis set followed by an energy evaluation in a larger basis, that is, the RI-BLYP/6-311++G(d,p)//RI-BLYP/6-31G+G(d) approach. However, the results of such a composite method in the modest basis set are in poor agreement both with BLYP/6-31++G(d,p) adsorption energies for the (H 2 O) 72 and with DFTB+ values obtained for (H 2 O) 270 (shown in parentheses in Table 5 ). This is probably caused by the lack of polarization and diffuse functions in the 6-31+G(d) basis set used for the optimization which results in too short hydrogen bond lengths and consequently in unrealistic values of adsorption energies in the following BLYP/6-31++G(d,p) energy calculation. At the same time the results of BLYP/6-31++G(d,p) for (H 2 O) 72 and DFTB for both (H 2 O) 72 and (H 2 O) 270 give rather similar results for adsorption energies and structural parameters. From this point of view, DFTB on these systems appears more reliable than the pure DFT in smaller bases.
The three most favorable glyoxal adsorption sites were used for the adsorption energy evaluation of HCO, HO and HOO radicals. Because the singlet coupled radical pair is difficult to model with the software available, the adsorption energies were estimated for (H 2 O) 270 R complexes with one radical R (HCO, HO, or HOO) located on three most favorable sites of the (H 2 O) 270 cluster (marked in Figure 5 as −43.8, −41.5, −38.3).
The estimated values of radical adsorption energies are given in Table 6 . The maximum adsorption energies of CHO are significantly lower than the corresponding values for glyoxal. It is also noticeable that the adsorption energies are significantly different for three adsorption sites where the glyoxal molecule is predicted to have similar adsorption affinity. In contrast with CHO, the radicals HOO and HO are predicted to have much higher adsorption energies which are only slightly different for three adsorption sites.
Vibrational Frequencies of Adsorbed Species. The calculated vibrational frequencies allow the prediction of IR spectra of nanoparticles with adsorbed glyoxal molecules and its photoproducts. The simulated spectra are shown in Figure 8 .
The colored bars indicate the calculated harmonic vibrational frequencies. The envelope of the spectrum is the superposition of Gaussian functions centered at the calculated frequencies with the half-width of 50 cm −1 . Because the frequencies were calculated in a harmonic approximation, the scaling factor is typically needed to compare them with the experimentally observed (anharmonic) fundamental frequencies. We elaborated this scaling factor for the BLYP/6-31++G(d,p) level of theory using the gas-phase IR spectra of glyoxal, formaldehyde and water. 69 However, the best agreement between the calculated and experimental frequencies was achieved with scaling factor close to unity (typically, about 1.002). Therefore, the frequencies presented here are unscaled.
As is shown in Figure 8 , the IR spectra of s-trans and s-cisglyoxal molecules is rather significantly distinguishable due to a new band near to 2350 cm −1 . Thus, the cis−trans transformation of glyoxal, if it takes place, can be in principle observed in experiment. On the other hand, the calculated IR spectra of adsorbed HCOOH are quite close to the spectra of s-transglyoxal. This could possibly explain why HCOOH was not identified in the experimental spectra of glyoxal photolyzed on ice films.
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The adsorption of other species results in insignificant IR shifts and new bands are not appearing. However, the ice absorption band undergoes rather significant and specific reshaping during the adsorption. This prediction can be helpful in laboratory experiments dealing with the interaction of organic molecules with ice surfaces or ice particles. For the medium-size clusters, DFTB calculations give the timings which are typically 50−100 times shorter than the calculations at the DFT level. For the largest clusters considered here DFTB was typically 100−200 times faster. In comparison with the semiempirical PM3 method, DFTBA timing is also 1.5− 2 times better. Thus, DFTB theory is more preferable for the large-scale calculations than the PM3 method (and probably other NDDO-type semiempirical methods 70 as follows from our previous attempts to use the AM1 method for the ice structure optimization 71 ) and may be recommended for the quantum chemical studies of water rich systems, in particular, water ices. Although the recent reviews on DFTB make only very cautious appraisals, 72 we found that the performance of this method on nanoscale water clusters with adsorbed organic molecules is very favorable.
Coordination Modes and Cluster Size Effect. The close inspection of the single-site adsorption energy values ( Figure 5 ) allows one to conclude that there are no specific crystal faces or sites on the nanoparticle which are specifically preferable for the glyoxal coordination. Both the basal and the side faces are approximately equal in their coordination ability, taking into account the differences in the molecular orientation. However, the essential factor of the coordination is the presence of the dangling hydrogens. As it is seen from Figure 5 , the coordination is easier (multifold coordination is available and adsorption energies are higher) at the faces where more dangling hydrogens are present. In contrast, at planes and sites with lower density of dangling H groups, the coordination is less substantial resulting sometimes to the bridge-like 2-fold coordination structures with lower adsorption energy.
It is interesting to compare directly the results for the calculated adsorption energies obtained at the BLYP/6-31+ +G(d,p) for (H 2 O) 72 (adsorption on two selected sites of (0001) crystallographic plane of the cluster surface) and DFTB results for the (H 2 O) 270 cluster (averaged among 12 sites on different planes) ( ). This is probably due to the fact that the adsorption of H 2 CO is more favorable at the side planes of the ice crystal whereas in the case of glyoxal the adsorption is almost equally favorable for the side and basal planes. The same situation can be seen for other products although to a lesser extent. The adsorption energies are only slightly different in these cases.
It is also worthwhile to compare the calculated adsorption energies obtained at the DFTBA level for (H 2 O) 72 (adsorption on selected site of (0001) crystallographic plane of the cluster surface) and DFTB+ results for the (H 2 O) 270 cluster (averaged among 12 sites on different planes). Because the DFTBA and DFTB+ approaches are based on the same theory, the differences in calculation results are mostly dependent on the structure of adsorption sites. It is interesting that the calculated adsorption energies are quite close both for glyoxal and all proposed photoproducts except HCOOH. The energy differences are typically in the range of 5 kJ mol −1 (Table 5 ). In the case of HCOOH, the discrepancy is about 15 kJ mol −1 which is probably due to the different structure of adsorption complexes on (H 2 O) 72 For the formaldehyde adsorption, the significantly lower adsorption ability to the ice surface was observed in the experimental study in comparison with acetone and methanol. 74 This made impossible the direct measurement of adsorption enthalpy which was estimated as significantly lower than −46 kJ mol −1 (the value obtained for acetone). In the present work, the formaldehyde adsorption enthalpy is −27.4 kJ mol −1 , in agreement with this conclusion and also with the results of previous calculations (binding energy is in range from −19.4 to −33.7 kJ mol −1 at the PHF and HF-GGA theories 75 ). Then, the reported value 76 of the adsorption Gibbs free energy for CH 2 O on ice at T = 260 K estimated in the Monte Carlo simulations was −11.7 kJ mol −1 which is in reasonable agreement with our value −7.9 kJ mol −1 (T = 200 K). For CO 2 its activation desorption energy from amorphous (E d = 20.7 ± 2 kJ mol of Hantal et al. 78 and −(51 ± 4) kJ mol −1 of von Hessberg et al. 79 (with the adsorption enthalpy of −54 kJ mol −1 estimated for low coverage). The most recent grand canonical Monte Carlo simulation of HCOOH adsorption with the TIP5P potential at the troposphere relevant conditions provides the binding energy of −59.8 kJ mol −1 for non saturated single layer adsorption while multilayer adsorption is less exothermic (estimated chemical potential is about −34 kJ mol −1 ). 80 Thus, we conclude that the calculations made for the nanosize clusters are also suitable for the estimation of the adsorption energies at the solid ice, at least under the conditions when the well-defined crystalline ice surface is formed 81, 82 and no association 83 or dissociation of adsorbed molecules especially of formic acid molecules occurs. 84 87 for adsorption and incorporation on/in ice are very competitive. It is interesting that the results reported in the present study for the incorporation of HCOOH in rather different energies for the s-cis and s-trans forms (Table 5) as was reproduced in several geometry optimizations from different starting points. The close inspection shows that this difference is approximately equal to the energy difference between the conformations. Thus, it can be interpreted as approximately equipotential interactions of both molecules inside the crystalline matrix (due to the abundant Hbonds around) which result in the significantly higher incorporation energy of the most stable conformer.
Effect of Cluster Environment on the Photolysis Mechanism. As it is evident from the data in Tables 2−4 , the effect of cluster environment, although remarkable, should have no significant influence on the relative thermodynamic values of the secondary photolytic reactions listed in Table 1 . The difference in the adsorption energies are typically in ranges 5−15 kJ mol −1 which provides only a small contribution to typical energies of elementary reactions. However, the effect of cluster environment to the activation energies can be more pronounced. Moreover, the most important factor affecting the reaction kinetics can be high concentration of water in the cluster environment and presence of the oxygen molecules at the cluster surface. For these conditions, the surface of nanoparticles should be enriched with the products of reactions of CHO radicals with water and oxygen, namely, CH 2 O, CO, H 2 O 2 . Among them CH 2 O and CO are the products which are registered earlier in the laboratory experiments of glyoxal photolysis on ice films. However, the close inspections of experimental spectra also show that there are some spectral features at the low-frequency wing of water ice broad IR band in the region of 2800−3000 cm 4 The adsorption energies of s-trans-glyoxal at the nanoparticle surface estimated with different methods are in range from −24 to −34 kJ mol −1 with the best estimate at the BLYP/6-311++G(2d,2p) level for (H 2 O) 72 cluster of −23.5 kJ mol −1 . The enthalpy of adsorption is in range from −17 to −26 kJ mol −1 and slightly increases with temperature. 5 The nanoparticle (H 2 O) 270 with crystal-like ice structure has no specific faces especially preferable for the glyoxal adsorption. However, the essential factor of better adsorption is the presence on the surface of the dangling hydrogen atoms allowing the multifold coordination and higher adsorption energy. and HCOOH will be accumulated in the ice particles during the photolysis, CO and CO 2 will desorb, and CH 2 O will be distributed between the gas phase and ice particles similarly to glyoxal. This material is available free of charge via the Internet at http://
